
. 

AD-AOll 691 

SURFACE WAVES:  SOURCE AND PATH PROPERTIES 

Donald J. Weidner 

State University of New York 

Prepared for: 

Air Force Cambridge Research Laboratories 
Defense Advanced Research Projects Agency 

16 April 1975 

DISTRIBUTED BY: 

KJ 
National Technical Information Service 
U. S. DEPARTMENT  OF  COMMERCE 

rifaiWiriB nuiffn [■iiiiiir   nj 



CÄSs« MM   ■ mae^f- 

* 

r 

195043 

ARCRL-TR - 75-0215 

SURFACE WAVES»  SOURCE AND PATH PRDPERTIES 

Donald J. Weidner 

Department of Earth and Space Sciences 
State university of New York 
Stony Brook.. New York 11794 

S ■ 

April 16, 1975 

Scientific Report No. 1 

Approved for public release, distribution unlimited 

This research was sponsored by the Defense Advanced Research Projects 
Agency. ARPA Order No. 1795 

w 

AIR FORCE CAMBRIDGE RESEARCH LABORATORIES 
AIR FORCE SYSTEMS COMMAND 
UNITED STATES AIR FORCE 
HANSCOM AFB, MASSACHUSETTS  01731 

N 

-f 

H^u^g 

Reproduced  by 

NATIONAL TECHNICAL 
INFORMATION  SERVICE 

US Department o( Commorco 
Spnngf.oM,   VA.   12151 

UJ   jt)N SO I9T5 
n 

A 

^.■^■-■-^..■/ 

^«v^^u 



Mmnmuimmm« *v^M-m*Hi'*9m**li'**m**»*'*~s*mwm,lml^$^ „>.„ ^,^l^i^g*iriijlWJ|tf.l(tW!WllWBM^WaaW>MBailjW 

Form .^proved 
Budget Bureau No. 22-R0293 

AKPA Order Number 

Program Code Number 

Name of Contractor 

Effective Date of Contract 

Contract Expiration Date 

Contract Number 

Principal Investigator 

Project Scientist. 

Title 

ljjS'jl»iii»Tlffll 

i3/ 

1795 

BF10 

Research Fovmdation SUNY 

November 1, 1973 

October 31, 19 75 

F19628-74-C-0092 

Donald J. Weidner 
516/246 8387 

Donald J. Weidner 
516/246 8387 

Surface Waves:  Source and Path 
Properties 

,i1awÄ^u" ^ 
im >■■«»r-w^ 

Qualified requestors may obtain additional copies from 
the Defense Documentation Center. All others should 
apply to the National Technical Information Service. 

  . 



■^^wwrwrwffr^«n^?ww^f^«!w»»«fT^rp^B^^^ 

Unclassified 
SECURITY CLASSIFICATION OF THIS PAGE (Whtn Data Ent*rt>d) 

9.    PERFORMING ORGANIZATION NAME AND ADDRESS 

Research Foundation 
5tate University of New York 
iiony Brook    New York   11794 

REPORT DOCUMENTATION PAGE 
1.   REPORT NUMBER 

AFCRL-TR-75-0215 

2. GOVT ACCESSION NO 

4.   TITLE (mnd Sublllle) 

SURFACE WAVES: SOURCE AND PATH 
PROPERTIES 

7     AUTHORf»; 

Donald J.  Weidner 

II.    CONTROLLING OFFICE NAME AND ADDRESS 

Air Force Cambridge Research Laboratories 
Hanscom AFB,   Massachusetts   01731 
Contract Monitor; Lt. Mark Settle/LWW 
U.    MONITORING AGENCY NAME a  ADORESSfyf dlllertnl from Controfllng Older) 

READ INSTRUCTIONS 
BEFORE COMPLETING FORM 

3.    RECIPIENT'S CATALOG NUMBER 

5.    TYPE OF REPORT a PERIOD COVERFD 

.Scientific   -   Interim 

6. PERFORMING ORG. REPORT NUMBER 

Scientific Report No^I 
8. CONTRACT OR GRANT NUMBERfs) 

F19628-74-C-0092 

10.   PROGRAM ELEMENT, PROJECT, TASK 
AREA a  WORK UNIT NUMBERS 

1795-n/a, n/a 
62701E 

12.    REPORT DATE 

16 April 75 
13.    NUMBER OF PAGES 

5*7 
15.    SECURITY CLASS. ,'0/ Ihta reporO 

Unclassified 
ISa,    DECLASSIFI CATION-'DOWN GRADING 

SCHEDULE 

16     DISTRIBUTION STATEMENT (ol this Report; 

Approved for public release; distribution unlimited 

17.    DISTRIBUTION STATEMENT (ol Ihm abalracl entered In Block 20, II dlllerent from RoporO 

16.    SUPPLEMENTARY NOTES 

19.    KEY WORDS (Contlnu» on revert» tide II neceaaary and Identity by block number) 

Surface waves 
Rayleigh waves 
Love waves 
Oceanic sediments 

20.    ABSTRACT (Continue on revorae aide If neceaaary and Identity by block numberj 

Several characteristics of oceanic surface waves can be altered by low 
rigidity sediments along the propagation path.    Specifically spectral shape of 
both Love and Rayleigh waves as well as path phase velocity can be affected. 
The theoretical Love wave spectra is sensitive to both the nature of the low 
velocity zone and the sediment structure.    Thus,  observed Love wave spectra 
do not constrain focal depth. 

PRICES SUBJECT TO CHANGE 

DD ,: FORM       1JTO 
AN 73    «473 EDITION OF  I NOV 65 IS OBSOLETE 

SECURITY CLASSiriCATION OF  THIS PAGE (When Hela Entered) 

-—"-" *"--■■     —— -^l-^.-. .-..   . ., ., -       



^pw*WSQBv^nf!firjra^^ ^Wfl^wwfl mtty^mW 

MMMMOUBAh 

INTRODUCTION 

We have lieen investigating the properties of seismic  surface 

waves with the ultimate goal of using these waves to determine the 

mechanism and depth of the source.    This information will be useful 

to discriminate explosions from earthquakes.    To date,  the major 

thrust of the research has been to investigate the effect of the 

propagation path on the surface wave.     If the path effects cannot be 

removed from the observed signal then little information concerning 

the source can be determined. 

We have examined the surface waves from two mid-Atlantic ridge 

earthquakes.    These earthquakes,  2 June 19^5 and 19 June 1970, have 

previously been well characterized by their Rayleigh wave signals 

(Weidner  and Aki, 1973, J.  Geophy.  Res. 78,  l8l8.).     In the present 

study, we mainly investigate the Love wave properties.    The N-S and 

E-W long period records from a total of 35 WWSSN stations were digitized 

and the Love waves were separated from the horizontal Rayleigh wave 

by    rotating the coordinate system to radial and transverse.    These 

surface waves could then be processed in a computer.     Our major  con- 

clusions are based on three types  of  information:     l)     short period 

surface waves,  2)    long period surface waves,   3)    general properties. 
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SHORT PERIOD SURFACE WAVES 

Depth resolution for depths shallower than 10 km is dependent 

on surface waves analyses for periods shorter than about 20 sec.  It 

is therefore important to understand how the propagation path can 

affect short period surface waves.  We have made the following ob- 

servations concerning short period surface waves: 

1. Love waves are dispersive for periods shorter than about 20 sec. 

This dispersion coincides with the short period Rayleigh wave disper- 

sion.  However, the Rayleigh wave dispersion can result from the presence 

of the water layer as the Love wave propagation should be insensitive to 

this.  We carefully analyzed the wave train to be sure that the transverse 

component had not been contaminated with the Rayleigh wave signal. The 

Love wave signal was correlated with and orthogonal!zed with respect to 

'.he horizontal Rayleigh wave signal.  The dispersed wave train persisted 

and we conclude that it is n property of the Love wave.„ 

2. The spectral amplitude shape of Love waves (which is largely control- 

led by the short period amplitudes) is highly variable from station 

to station.  While it is difficult to predict the excitation ampli- 

tudes due to the dependence on details of the source medium model, we 

can conclude that there should be no azirnuthal dependence of spectral 

shape.  Thus, the observed variations must be due to path effects. 

These Love wave properties were synthesized with various short 

period Rayleigh wave properties to derive conclusions about the 

-— -- -■   in -nur nm.Wiir'——---■- ^ 
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propagation path. The sediments along the path appear to be res- 

ponsible for most of the short period observations.  While these 

interpretations pertain to an oceanic path, they would be equally valid 

for any surface wave path which contained significant amounts of un- 

consolidated sediments. 

Attached as Appendix A is a manuLcript specifically addressing 

the effect of these sediments.  The surface wave (Love or Rayleigh) 

with a period equal to UH/g  (where H is sediment thickness and ß is 

shear velocity) is strongly perturbed by the sediment layer.  The 

surfa, » wave becoines quite dispersed in the neighborhood of this period 

with a new higher mode branch being introduced at shorter periods. 

The eigenfunctions (of stress and displacement) became significantly 

distorted with a large percentage of the energy trapped in the sed- 

iment layer. Thus, the short period surface wave can be lost in transit 

due either to viscous attenuation in the sediment layer or to scattering 

from an impedance barrier.  The models and observations which lead zo 

these conclusions are discussed in detail in the Appendix. 

LOI.'G PERIOD SURFACE WAVES 

While analyses of short period surface waves help resolve the 

depths of shallow sources, the long period surface wave can aid in 

determining whether or not the source is shallow. Furthermore, the 

itü i n .■■ii.iMii.im-'i"—■^-- ■■-     : ,.  ■ ,■ 
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longer periods are less eroded by surt'iclal path properties (like 

the sediments).  Thus, while the resolution is roduceu, the chance of 

seeing any source affect is greatly improved by studying the long per- 

iod surface wave.  In a previous study Weidner and Aki (J_o Geophys. 

Res. 78, l8l8, 1973) concluded that Rayleigh wave phase could be used 

to determine focal depths even in the absence of short period waves. 

In order to deduce the phase of the source, the phase delay of the 

path must bs accurately known.  The path delay can be calculated if 

the velocity and density structure of the medium is known.  A 

significant piece of information which can be used to deduce path 

properties is the Love wave phase velocity.  In many instances Love 

wave phase velocity may be easier to determine than Rayleigh wave 

phase velocity since both require a knowledge of the source phase and 

the Love wave source phase is much more independent of focal depth 

than the Rayleigh wave source phase.  Thus, a potential approach to 

determining focal depth would be to first determine the Love wave focal 

phase, üben the Love wave phase velocity.  Next one would calculate 

the medium structure and Rayleigh wave phase velocity. Finally 

the path phase delay could be removed from the observed Rayleigh wave 

phase to determine the focal phase of the Rayleigh wave. This 

information could then be used to determine focal depth. The pro- 

pagation of errors along with assumptions regarding isotropy are prob- 

ably too large for unambiguous results.  Nevertheless, restrictions 

»ttitttm*— 'Jt-'--i;^'-'N-iiillliimi^llriilt-'-"'~i-"-■■■-"■-  -.......■■ .  _- , .. ..,„.:..,.,m:'.-..'~-,r—■-.  !__ 
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may be possible—we are currently pursuing this type of approach to 

a limited extent.  We have calcuated the Love wave phase velocity 

for the paths studied. We find that identical isotropic structural 

models describe both the Love wave and Rayleigh wave dispersion for 

many paths.  We must now investigate the paths that do not presently 

appear to have a structure which is compatible with both data.  Part 

of the problem may just be sensitivity to the properties at different 

depths for the different wave types.  Further insight may be gained 

by studying the resolution kernals for the individual waves as well 

as a combined data set. 

GENERAL PROPERTIES 

Since the Love wave eigenfunctions for the medium studied vary 

only small amounts with period and depth over a broad depth range, the 

Love waves will not by themselves be useful in determining focal depth. 

Thus, Love waves may at best be used for a standard with respect to 

which the Rayleigh waves can be compared. We have already discussed 

the potential use of Love waves to aid in finding the Rayleigh wave 

source phase.  Another aspect would be to use Love wave amplitudes to 

determine the Rayleigh wave source amplitude.  There are two com- 

plementary methods of viewing the Rayleigh wave amplitudes which, are 

■ .,. ^^^^ ^.,~^,.^  . 
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useful in defining focal depth. The first Ls viewinß the ampli- 

tude as a function of frequency at n particular station. Source 

depth will be manifest as nodes or large amplitudes for various fre- 

quencies. The major problem is to be sure that the path attenuation 

is not dominating the amplitude spectrum. The second is tc view the 

.amplitudes as a function of azimuth. Here one must be concerned 

that lateral variations in the path properties do not dominate the 

source effects.  In both cases, it is possible to use the Love wave 

amplitudes tc reflect path properties. Our  analyses sugpest that 

the iiove waves may be plagued with medium properties which differently 

affect the Rayleigh waves. The most serious pertain to the first 

type of depth analysis.  We have calculated the excitation of Love 

waves with frequency.  We find that the spectral shape of the Love 

wave is dominated by the detailed model of the low velocity zone 

and sediment cover in the source area. These two factors are difficult 

to know to the accuracy required. Thus, simply taking the ratio of 

observed Love to Rayleigh amplitude as a function of frequency may bear 

more on the source structure (through the Love wave) than on the fecal 

depth (through the Rayleigh wave). Furthermore, sediments on the path 

will have somewhat different effects on the two wave types.  Com- 

paring the amplitudes of Love and Rayleigh waves as a function of both 

azimuth and frequency may be more useful.  The excited Love wave ampli- 

tude depends on the source mediu,,} structure but the frequency dependence 

of the amplitude should be the same for all azimuths. Thus, by ob- 

serving the lateral variations of the Love wave amplitudes, we may be 

able to separate the effects of path lateral variations from the rad- 

iation pattern of Rayleigh waves. 

.......  
aJi*""*^^"-^ "--'"■"■illiiirii-iiriilii- 





pBP'^)r^^~^-ww^WW-!™^<n»3!W!frf...'<r^"~^ ■  i ■*!*• 1,"J™'|J". IHW illlj:« 

The Effect of Oceanic Sediments on 

Surface Wave Propagation 

Introduction. 

Several features of observed surface waves can be used to deduce source 

and path properties. Tsai and Aki (1970) deduced focal depth from the amplitude 

spectral shape of Love and Rayleigh waves. Mendiguren (l97l) was able to deter- 

mine focal depth from the radiation pattern of Love and Rayleigh waves. Weidner 

and Aki (1973) found that Rayleigh wave phase could be used to constrain focal 

depth. Oceanic upper mantle structures have been deduced from single station 

phase velocity determinations by Weidner (l97J+), Leeds et al., (197I1) and Forsyth 

(1973). 

These types of studies assume that the observed surface wave character has 

not been significantly altered by indeterminate path properties which are un- 

related to the investigated property. The physical properties of oceanic sed- 

iments are largely unknown yet they are ubiquitous in ocean environments.  In 

this paper, the nature and magnitude of the effects of sediments on surface 

wave propagation is estimated. Theoretical calculations are compared with ob- 

servations of both Love and Rayleigh waves in the Atlantic Ocean. We conclude 

that thin sediments control the short period amplitudes while thick sediments 

severely affect the dispersion to very long periods. 

10 
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Aneilytical Models 

The presence of a low-rigidity sediment layer in an oceanic, velocity- 

density structure will strongly control-many aspects of the surface wave 

character. Several features inherent to surface waves for a single low-rigidity 

layer over a half-space are directly related to similar features of a more com- 

plicated layered half-space with a superficial water layer. Several authors have 

analytically studied a variety of simple models appropriate to the discussions 

(Tazime, 1958, 1959, 1962; Ohta, 1962;  and Mooney and Bolt, 1966).  In the 

first of these papers Tazime (1958) investigated the nature of the M and M 

branches of the Hayleigh wave equation for a plate as the Poisson's ratio approach- 

ed 0.5 (liquid case). He found that the fundamental mode of each branch did not 

uniformly approach the fundamental modes for a liquid plate. Instead, the fund- 

amental modes of the liquid plate must be constructed from a superposition of the 

fundamental and higher modes of the solid. These branches of the wave equation 

for plates can be related to Rayleigh waves for a layer on a half-space (Ewing, 

Jandetzky and Press, 1957). In a similar fashion, as the shear modulus of a 

surface layer approaches zero, the fundamental Rayleigh wave does not approach 

that of a liquid layer overlying a half space. Again, the fundamental and higher 

nodes must be superposed (Tazime, 1962). Figure 1 (from Tazime, 1962) illustrates 

this point. The solid curves are group velocities for Poisson's ratio, a , in 

the layer of 0.^8. The chain curves are for a  -0.5. 

Another interesting feature of the Rayleigh wave for a low rigidity layer 

over a half-space concerns the particle motion. Ohta (1962) points out that the 

11 
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surface particle motion for the fundamental mode changes from retrograde to 

prograde and then to retrograde as period decreases.  The frequency extent of 

the prograde region depends on the layer thickness and shear velocity.  In 

addition, the vertical displacement for some frequencies has a zero crossing 

with depth.  These features are generally associated with higher modes.  How- 

ever, the fundamental mode phase velocity is always lower than that of the 

higher mode in these cases.  The higher modes may have retrograde surface 

motion and no zero crossings in the vertical displacement. 

Mooney and Bolt (1966) suggest that the surface wave character depends 

mainly on the parameter ßT/H, where ß is the shear velocity of the low- 

rigidity layer, H is its thickness and T is period.  Taaime (1962) finds large 

effects of the sediments on the surface wave dispersion and eigenfunctions 

for Tß/H = U/(2m+l) and Ta/H - U/(2m+l), where a is the compressional velocity. 

These periods correspond to internal reflections in the low rigidity layer of S 

and P waves (Sykes and Oliver, 196Ua).  In Figure 1 the minimum for the group 

velocity of the fundamental mode corresponds to Tß/H -~ k  since TT - 5-  In add- 

ition, this period of minimum group velocity is longer than the cut-off period 

of the first higher mode.  The phase velocities corresponding to the group velocit- 

ies of Figure 1 are presented in Figure 2.  These are also from Tazime (1962) and 

the different m correspond to the dispersion of Love waves when Vo/^n become 

infinitely large.  As we can see, the Rayleigh modes approach these curves. 

12 
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Effect of sediments on surface vave dispersion. 

We have analyzed the Rayleigh waves from four mid-Atlantic ridge earth- 

quakes and the Love waves from two of the events at several circum-Atlantic 

stations. The location of the events and other relevant information is given in 

Table 1 with a map in Figure 3. A map showing the sediment thickness in the 

North Atlantic is given in Figure h  (Ewing et_ al., 1973^. 

The paths to TRN have a large portion of thick sediments. Weidner (197^) 

concluded that the Rayleigh wave phase velocity to stations around the Carib- 

bean Sea was consistent with a sediment shear velocity of .5 kr-/sec. The sed- 

iments close to TEN for the path from event pair I are about 5 km. thick.  These 

values suggest strong effects of the sediments for surface waves with 1+0 sec. 

periods. The theoretical Rayleigh wave dispersion for such a structure are 

illustrated in Figure 5. The phase and group velocity decrease sharply as the 

period decreases towards 1+0 sec. At shorter periods, the first shear mode 

exists and its group velocity initially increases sharply with decreasing period. 

We compare this phenomena with the observed group velocity obtained with the 

technique of Dziewonski et al., (1969) in Figure 7.where the observations for TIU 

and CAR for events 1 and 2 are illustrated. The contours represent equal energy 

levels.  There is a very strong suggestion of an inversely dispersed branch 

arrival with the characteristic of the theoretical curves in Figure 5.  These 

can be contrasted with more typical observations of BEC and BLA in Figure 6. 

The surface waves for other Cariggean stations (BHP, LPS) for both event pairs 

have a character similar to TRN and CAR for both Love and Rayleigh waves. 

13 
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Another feature of the Rayleigh wave for the final ocean model to TRN 

is the presence of only prograde surface motion for all modes depicted in Figure 

5 between the periods 28 to 1*0 sec. In Figure 8 are shown the observed difference 

between the phase of the vertical and horizontal components for three of the 

events at TRH. There is a consistent shift in the phase difference at about .025 

Hz (kO  sec). At longer periods the phase difference is close to T/2, indicating 

retrograde motion. Relating the theoretical value to the observed value is com- 

plicated by the presence of more than one mode. If a single mode is not isolated 

interference fron the other mode can result. The observed relative phase shift 

at kO  sec. suggest that effects of the prograde motion are present, but the sig- 

nal nay be contaminated by higher modes. Other observations of this phase dif- 

ference are often less clear than for TRN. The effect of lateral variations on 

these observations is difficult to describe. In addition, the surface wave par- 

ticle motion should reflect the structure very close to the station. Thus, the 

type of phase shift that we suggest is present at TRN may not always be expected 

if the local sediment thickness is not uniform. 

The group velocities for Love waves can be deduced from the energy con- 

tours in Figure 9 for some representative stations.  Indeed, the Love waves are 

also dispersive at short periods.  However, only the sedimentary layer can be 

responsible for this dispersion.  These observations could result from con- 

tamination of the Love wave with horizontal Rayleigh waves by multi-path 

14 
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Rayleigh wave propagation or simply an erroneous coordinate rotation of 

the seismogram.  We have calculated the correlation coefficient of the Love 

and horizontal Rayleigh wave trains and parts of the wave trains. We then 

rotated the coordinate system to minimize the correlation and removed the 

dependent portion from the Love wave signal with a Grahm-Schmidt technique, 

in all instances the dispersive nature of the Love wave remained. We thus 

conclude that the Love waves are dispersive and that the sediments are re- 

sponsible.  The coincidence in shape of the dispersion for Love and Rayleigh 

waves along with the absence of the Airy phase for recorded Rayleigh waves 

suggests that the sediments and not the water are controlling the short period 

Rayleigh wave dispersion. 

Effect of sediments on surface vave amplitudes. 

The anplitudes of Rayleigh waves from mid-ocean ridge earthquakes are 

generally low for periods shorter than 15 sec. This observation led Tsai (1969) 

to conclude that ocean ridge normal faulting events must be very deep (U5-65 tan) 

since shallow dip-slip events efficiently excite these short periods. The strike- 

slip events, on the other hand, could be shallow since the mnplitude spectrum has 

a node at short periods. Weidner and Aki (1973) concluded that the four mid- 

Atlantic ridge earthquakes of Table 1 were shallow. The conclusion was primarily 

based on phase information. 

The Rayleigh wave amplitudes for these events as a function of frequency for 

some stations aro compared with the theoretical values in Figures 10 and 11.  Here 

the displacement spectral density of the unfiltered record are displayed. 

'i ■ 
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Corrections for instrument and Reomotrical sprending have teen included. The 

high  frequencies are not observed for the dip-slip events (events 1 and 3) even 

though they should have been generated. The amplitudes for the strike-slip 

events often do not agree at short periods, but small variations in the focal 

properties vould correct this. Of the observations illustrated in Figures 10 and 

11, BEC recorded the largest amplitude ratio of high frequency to low vith 

ATL and BLA intermediate and BHP and CAR lowest. 

The amplitudes of Love waves are compared with the theoretical values in 

Figure 12. The theoretical values are for the fundamental mode assuming that the 

medium can be described by the normal ocean basin of Weidner (197^) • The fre- 

quency dependence of the theoretical amplitude is very sensitive to small changes 

in the medium structure.   Even though the frequency dependence of the source 

amplitude is uncertain, it should be the same for all stations and events studied 

here. The lateral variations in the observed Love wave spectral shape must be 

attributed to path effects. The reliability of each observation can be made 

by comparing the Love waves from the two events at the same stations since the 

path should be the same.  The observations in Figure 12 indicate a progressive 

erosion of high frequencies proceeding from BEC to ATL to BHP. The coincidence 

of eroded high frequency Love waves with similar features of the Rayleigh waves 

suggests that the spectral shape of both types of waves is a pat/h effect. 

Analyses of the Rayleigh waves for cross-Atlantic paths reveal that the 

short, periods are lost in transit. Relevant maps for the paths analyzed are 

shown in Figures 13 and ik.      For each of the four events, the Rayleigh waves 

16 
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recorded at two stations along a great circle path were examined. The Hay- 

leigh wave amplitudes are shown in Figure 15.  It is very clear that the am- 

plitudes at short periods were lost hetween the stations.  We conclude 

that the low amplitudes for short-period Rayleigh waves from mid-ocean 

ridge earthquakes do not contradict shallow focal depths. 

We suggest that sediments may he responsible for the loss of short- 

period surface waves. The mechanism can be either attenuation related to 

the low Q of sediments or reflection due to the change in the displacement 

and stress eigenfunctions as the sediment thickness and properties change. 

We have investigated the effect of various thicknesses and shear 

velocities of a sedimentary layer on the surface wave. The cru-jt and upper 

mantle is described by the normal ocean basin model (Weidner, 19TM•  As 

discussed earlier, the surface wave is affected for periods in the neighbor- 

hood of T where 
o 

o  3 

H being thickness of sediments with shear velocity, ß« Sediment models 

with T = 10,15 and 30 sec are examined. The models are described in Table 

2. The group and phase velocities for these models are illustrated in 

Figures l6 and 1? for Rayleigh and Love waves. These curves were generated 

numerically and it was not always possible to follow a single mode, since 

neither polarization nor the number of zero crossings of the eigenfunctions 

can be usiid as diagnostics. 
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The depth dependence of the Raylclgh wave vertical displacement eigen- 

functions is shown in Figure 18 for several periods. The eigenfunction 

for the IT sec period is representative of the sediment free case. The- dis- 

placement eigenfunction for Love waves is illustrated in Figure 19. The 

sedi-ients have very significant effects. There are no Rayleigh waves in the 

period range 15.5 to 16.3 sec that have eigenfunctions resembling the sedi- 

ment free case. Thus the surface waves in this period range will exper- 

ience a large impedance mismatch when they travel from a sediment-free re- 

gion with sediments described by this model.. The breadth of the period 

range where the sediments alter the eigenfunct„on appears to be larger for 

Love waves than for Rayleigh waves. 

Models I, III and IV give rise to similar variations in the eigen- 

functions for periods close to the critical period.  In general, the eigen- 

functions are significantly altered relative tc the sediment free eigen- 

fur.ctions in the same period range where the group or phase velocities 

deviate from those of the simple model. 

Assuming that the heterogeneous medium can be described by two infinite 

laterally homogeneous quarter spaces in contaci , an impedance mismatch will 

result if the stress and displacement distributions are different for the 

two structures. The band width of the Rayleigh wave which is severely 

affected by the sediments does not exceed 1 sec for the models considered. 

From equation 1, the eigenfunctions for a given period will be affected by the sed- 

ß 
8' 

iments of thickness H + jr.  The total thickness variation which will affect a 
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given period cannot exceed 10-100 meters. As can be seen in the isopach 

nap in Figure 7, small variations in sediment thickness is accomplished 

over a very short distance for the deeper sediments and somewhat longer 

distances for shallow sediments. For the above assumptions to be valid, 

tha width of the region affecting a given period Rayleigh wave must be 

large compared with the wavelength. Indeed, this assumption is not valid 

for most periods. For 15 sec waves, the wavelength is about 60 km, while 

the wavelength of 10 sec waves is only 20 km. An impedance mismatch 

should be more effective in eliminating the short periods than the longer 

periods. We conclude that it may be possible to scatter short-period 

waves and transmit long-period waves into higher modes as observed at TRK. 

Since the affected bandwidth for Love waves is longer, this mechanism will 

be more effective in removing Love waves than Rayleigh waves. 

The absence of short-period surface waves may also be attributable to 

attenuation associated with low Q sediments. The effective quality factor 

I 
of Rayleigh waves, Q^, can be related to the quality factor for shear waves 

of a layer, Q , by the relation 

\ %       Lc 3ß + 3  ( a ) c 3a] (2) 

where fj is shear velocity, a is compressional velocity and the partial 

derivatives are defined for a uniform layer (Anderson et_ al_., 1965). Then 

the amplitude at distance x is given as 
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ir x 

e 
o 

A(x) = A    e        W % (3) 

vhere T is period and U is group velocity. Similarly the quality factor 

for Love waves is given by 

^L     ^s  c 83 ^l 

Using a computer program of Saito (Saito, 1967), ve calculated the partial 

derivatives for the sediment models of Table 2,  The ratio A/A for models 
o 

I, II and IV are given in Figures 20 and 21.for various values of x/Q . We 
s 

used the surface wave modes that most nearly approximate the modes of a 

sediment-free ocean for these calculations. When a lower mode exists, it 

has much more energy in the sediments and is attenuated faster.  The cal- 

culations may not be precise at the period critically disturbed by the sed- 

iments since the eigenfunctions will vary considerably with small changes 

in properties. 

Models I and IV have the same shear velocities and their corresponding 

-c'
s are on different sides of the Rayleigh wave Airy phase.  The model 

with To on the short period side of the Airy phase is much more effective 

in attenuating the Rayleigh wave.  In addition the period range affected 

is broader. This observation suggests that the short periods can be at- 

tenuated more effectively than the longer periods for a given sediment, 

shear velocity. Next compare models I and II.  Here the T 's are the sa-ie , 
0 

only the thickness and shear velocity are changed.  Thicker sediments are 

20 



much more effective in removing the short periods.  The energy lost for 

Love waves appears to depend mainly on the sediment thickness. 

There is strong evidence that suggests that the Q of sediments is of the 

order of 10-20.  Kudo and Shima (1970) measured the attenuation of shear 

waves in soil in situ to depths of ho meters.  They found that the Q was fairly 

frequency-independent between 30 and 80 Hz with indications of decreasing Q 

with decreasing frequency.  For different soils, the value of Q ranged from 

5 to 20. Tullos and Reid (1969) measured the attenuation of P=waves in sedi- 

ments ^in situ to depths of 1000 feet.  The Q for P waves ranged between 70 

\i R 2 
and 200 for 50-^00 Hz.  The resulting Q is equal to r- Q (—)  if the loss 

mechanism is due to shear only.  Boore and Warrick (1972) reported a sediment 

Q from short-period Rayleigh waves in the San Francisco Bay of 10-25. 

The ratio of shear velocity to sediment thickness appears to be a 

dominating variable.  Reported sediment shear velocities range from .05 to 0.7 

km/sec.  Sykes and Oliver (l96Vb) modeled the sediments in the Argentine 

Basin with a shear velocity of .2 to .k  km/sec in the upper 1/2 km and .5 to 

.7 km/sec below this layer form Love and Rayleigh dispersion. Anderson 

and Latham (1969) concluded, from observations of the first shear mode, 

that the average shear velocity for 150-meter thick sediment layers in 

the Atlantic was .075 km/sec.  Davies (1965), using Stoneley waves, obtained 

shear velocities increasing from .05 to  .19 km/sec in the upper 16 
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meters of sediments in the Indian ocean.  Hamilton et al., (1970) est- 

imated shear velocities of ,1 to .2 km/sec from Stonely waves.  SH wave 

velocities obtained by Kudo and Shima (1970) for soil range between .1 and 

.k  tan/sec.  These values may be applicable to saturated sediments as Nur 

and Simmons (1969) have shown that the presence of water does not affect the 

shear velocities in rocks.  These measurements are consistent with the values 

of shear velocities that we use in our models.  Furthermore, the low Q 

for the sediments along with the curves in Figures 20 and 21 suggest that 

attenuation will be a significant factor in removing the short period surface 

waves. 

The short-period surface wave amplitudes for four mid-Atlantic ridge 

earthquakes can be compared with the theoretical values in Figures 10-12. 

The short period Rayleigh waves recorded at EEC for the pair I events both 

exhibit a minimum in the amplitude at about .08 Hz with more energy at both 

longer and shorter periods.  The lb November 1965 recording at BEG is typ- 

ical of most observations in that it does not indicate the increase in energy 

at the high frequencies.  On the other hand, the 17 May I96I» event does not 

lack energy at these snort periods.  Surface waves from pair I events travel 

a great distance with very thin sediments and then the sediments thicken 

rather quickly (Figure h).     The 16 November 1965 path indicates a more gradual 

increase in sediment thickness over the entire path while the path from IT May 

l<j6k  ha:: a very sharp increase in thickness quite close to the event.  As we 

have suggested, the path with the most gradual increase in sediment thickness 

(l6 November 1965) has lost the high frequencies over the widest bandwidth. 
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The pair I event with the thin sediment layer lost energy over a narrower 

bandwidth.  On the other hand, the waves from 1? May 1961*, which experienced 

virtually no sediments thinner than 200 m, does not appear to have lost any 

high frequencies.  The contours of the energy arrivals at short periods at BEC 

for the two events of pair II are given in Figure 22.  The 16 November 1965 

has a very well defined region where the group velocity is very steep.  The 

IT May 1961+ record does not indicate this portion of the curve.  Instead 

these short-periods are arriving at a much faster group velocity. We 

conclude that Rayleigh waves were able to transfom from the fundamental 

mode to the first shear mode since the sediment thickness changed so rapidly 

along this path. 

Three types of sediment regions can be defined with differing effective- 

ness of each mechanism in eliminating the high frequencies.  The first region 

has a very flat sedimentary layer where the thickness varies quite slowly 

over several wavelengths. Reflection will not be very effective with the 

major loss of energy at periods in the neighborhood of T .  If the sediments 

are thick, then the band width of the attenuated energy will be large extending 

from To to shorter periods.  If To is less than the period of the Rayleigh 

wave Airy phase, the bandwidth will again be large.  Rayleigh waves will be 

more severly affected than Love waves. 

The second region is one where the sediments increase in thickness 

more rapidly over several wavelengths.  In such a case, the eigenfunctions 

do change suddenly and the length of path with anomalous eigenfunctions is 

23 
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at least a few wavelengths.  These conditions give rise to significant 

loss of energy due to reflection. Attenuation will also be effective with 

the seme characteristics described above.  In this region short periou 

Love waves wil] be more effectively removed than Rayleigh waves. 

The third case is characterized by even larger changes in sediment 

thickness with distance.  How the higher modes are generated within a wave- 

length of the region where the furdamental mode eigenfunctions change in 

character. These higher modes exhibit eigenfunctions very similar to the 

normal fundamental mode and the energy can easily be transferred from one 

to the other.  In this medium, attenuation will not be important as the 

previous cases since attenuation requires a reasonably long path with a 

constant T . 
o 

Some waves travelled great distances through thick sediments.  Such 

stations include TEN, CAR, LPS, etc.  In these cases, for all events, 

the short periods have been eroded very effectively.  This is consistent 

with attenuation due to the thick sediments. 

We can estimate the shear velocity of the sediments if we assume that 

the corner frequency corresponds to T and knowing the sediment thickness 

from the isopach map.  The corner frequency for EEC does not significantly 

differ from most of the observations in eastern U. 3.  (ATL, SKA, BLA). Thus 

it appears that most of the short periods are lost well out in the ocean. 

The sediment thickness, as indicated by the isopach map of Figure k,  Joes 

not exceed .5 km in this region.  However, Ewing and Ewlng (1959) havt re- 

ported refraction data indicating thicknesses of as much as 1 km east of 
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Bermuda.     For a 1/2 km thickness,  a corner frequency  of 15 Sec would 

correspond to a shear velocity of about  .13 km/sec.     As the sediments 

thicken to the west of Bermuda, their shear velocities and Q may also in- 

crease. 

Short period fundamental mode Rayleigh waves have been observed in 

the Pacific.    Mendiguren  (1971) reported large amplitudes for 13 sec 

Rayleigh waves at GIE for a shock in the Nazca plate.     Forsyth (personal 

communication) observed large amplitudes at the same  station for 12 sec 

Rayleigh waves.    These periods are shorter than those for most of the 

Atlantic  observations.     The event occurred Oct.   12,   196H on the east-Pacific 

rise about UOOO km from GIE.    Ewing et_ ad.     (1969)  present an isopach 

nap of the south Pacific,    The path to GIE from these events appears to 

be reasonably devoid of sediments except very close to the station where 

they nay accumulate to   .2 km thickness. 
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CONCLUSIONS 

Oceanic sediments can have a significant effect on the surface wave 

character. Thick sediments such as in the Caribbean region can affect 

the Rayleigh wave phase velocity by as much as 0.06 km/sec for waves with 

a period of 100 sec (Weidner, 191k).    Such thick sediments can also alter 

the sense of ground motion and introduce higher mode Love and Rayleigh 

waves of periods as long as ho  seconds. These thick sediments trap the 

surface wave energy and are capable of efficiently removing high frequencies 

by attenuation.  In addition the high frequencies may be scattered as the 

sediment thickness varies. 

Thin sediments appear to be responsible for the general absence of 

short period surface waves from mid-Atlantic ridge earthquakes. The loss 

may be either due to attenuation or an impedance barrier to high frequen- 

cies due to sediment thickness changes. These sediments disperse short 

period Love waves and are probably responsible for the short period Rayleigh 

wave dispersion. 

The surface wave whose period is |~ is most severly affected by the 

sediments. The effect is generally manifest by very small group velocities, 

most of the energy trapped in the sediment layer, considerably distorted 

depth dependence of displacement and stress, and the introduction of a 

higher mode of branch at shorter period. The character of the higher mode 

branch approaches that of the undisturbed fundamental mode as period decreases 

further. The band width where the surface wave is disturbed is generally 

larger for thicker sediments, larger (for Rayleigh waves) for periods 
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shorter than the Airy phase,  and larger for Love waves than Rayleigh 

waves when the affected period is longer than the Airy phase. 
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Table 2    Sediment models 

Number 

I 

II 

III 

IV 

Thickness 
(km) 

Shear 
veloc ity 
(km/sec) 

T     (sec) 
0 

0.1875 0.05 15 

1.875 0.5 15 

0.3T5 0.05 30 

0.125 0.05 10 

33 

■ ■■'■■:--- ■- ■■ -  -^ ■-.:.   '  



K^f^^.pu..j^;i.^i..,ii|.«-»H>^ ^-mr8^r!mBvm>!!fiim™!SF^ W_p MIWJ « JIWU '• J,,-1.' -IM 

Figure Captions 

Figure 1  Group velocity of the Rayleigh wave modes for a layer over a 
half-space.  The layer's Poisson ratio is Ü.48, the half- space is 

n,i    .     u ! densities are ecIual with a compressional velocity ratio of 4. 
The dashed line corresponds to a liquid over a half-space.  (Tazime, 
1962). The numbers refer to different modes. 

Figure 2  Phase velocities of Rayleigh wave for a layer over a half-space 
same model as Figure 4.1.  The "m" curves correspond to the dispersion 
of Love waves when the shear modulous ratio of the layer and half-space 
are infinite.  (Tazime, 1962). 

Figure 3  Locations of earthquakes and stations.  The curves are repre- 
sentative great circle p-ths. 

Figure 4  Sediment thickness in the North Atlantic.  Contours are in 100s 
of meters.  (Ewing et. al. , 1973). 

Figure 5  Rayleigh wave phase and group velocity for a normal ocean basin 
structure with 5 km of sediments whose shear velocity is 0.5 km/sec. 

Figure 6  Equal energy contours of the vertical Rayleigh wave component as 
a function of period and group velocity. 

Figure 7  Equal energy contours of the vertical Rayleigh wave component as 
a function of period and group velocity. 

Figure 8  Phase difference between vertical and horizontal component of 
the Rayleigh wave. The open circles are from the Fourier transform 
of the entire record; the crosses are from the time variable filtered 
record. 

Figure 9  Equal energy contours of Love waves as a function of period and 
group volicity. 

Figure 10 Rayleigh wave displacement spectral density.  The observed values 
have been corrected for instrument and geometrical spreading.  The 
theoretical values are for the depths and mechanisms of table 1. 

Figure 11  Rayleigh wave displacement spectral density.  The observed values 
have been corrected for instrument and geometrical spreading.  The 
theoretical values are for the depths and mechanisms of table 1. 

Figure 12 Love wave displacement spectral density. The observed vaW 
have been corrected for instrument and geometrical spreading. The 
theoretical values are for the depths and mechanisms of table ]. 
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Figure 13 Maps for cross-Atlantic paths.  Triangles indicate event lo- 
cations and circles giv? the station locations. 

Figure 14 Cross-Atlantic paths.  Triangles represent earthquakes and circles 
are stations. 

Figure 15 Rayleigh wave amplitudes for non-Atlantic earthquakes.  Observed 
values have been corrected for instrument and geometrical spreading. 

Figure 16 Rayleigh wave phase and group velocities for different sed iment models. 

Figure 17 Love wave phase and group velocities for different sediment 
models. 

Figure 18 Rayleigh wave vertical displacement eigenfunctions for sediment 
model 2 of table 2 at different periods.  The values are normalized to 
ui ity at the surface. 

Figure 19 Love wave displacement eigenfunctions for sediment model 2 of table 
2 and different periods and for a sediment free case.  The values are nor- 
malized to unity at the sediment surface. 

Figure 20 Predicted ratio of observed to excited Rayleigh wave amplitude 
for different sediment models and values of x/Q when x is the propagation 
distance in kilometers and Q is the shear wave quality factor. 

Figure 21 Predicted ratio of observed to excited Love wave amplitude for 
different sediment models and values of x/Q where x is the propagation 
distance in kilometers and Q is the shear wave quality factor. The 
curves correspond to x/Q = 10 and 100. 

Figure 22 Equal energy contours of the BEC records viewed in the period vs. 
group velocity plane. 
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